ABSTRACT In order to simulate the buffering process of the space manipulator docking, a compliant force control system based on the inner position loop of the six degree-of-freedom parallel robot is established. The manipulator docking environment includes the stiffness and damping characteristics of the manipulator, the mass, contact stiffness, and damping characteristics of the docking mechanism, which makes the expected contact force affected by the mass, multiple-stiffness, and multiple-damping. The stiffness and the damping characteristics are time-varying in the docking process, which will have a great influence on the stability of the force control system and the force control results; meanwhile, the low-frequency oscillation element composed of mass, stiffness, and damping in the docking environment not only seriously affects the bandwidth of the control system, but also makes the system characteristics tend to oscillate or even unstable; in addition, the model uncertainty of parallel robot, the measure noise and the process noise in the system will also affect the force control results. Aiming at the complex compliant force control system for simulating the manipulator docking's buffering process, a robust controller is designed using the µ synthesis control theory to get a satisfactory system stability and force control characteristics in this paper, in which the system parameter variation, the model change, the external interference, and the system bandwidth are synthetically considered. The simulation and experiment of the compliant force control are carried out using the robust controller and the classical force controller; the results show the effectiveness and superiority of the designed robust controller.
I. INTRODUCTION
Ground simulation technology of the space manipulator docking is the main means to study the docking hardware, the docking initial conditions and the docking strategies, and is the premise for successful implementation of space docking [1] , [2] . The Hardware-In-The-Loop (HIL) simulation is an important way of ground simulation at present. The terminal of the manipulator is equipped with an end-effector, which uses the drag mechanism to achieve docking operations on the target-adapter equipped on the spacecraft. In the HIL system, the physical properties of the spacecraft are described by a mathematical model. The motion of the spacecraft under the force is calculated by the mathematical model and reproduced by a parallel robot. The target-adapter and the end-effector in the HIL system are the same objects as those in the real space. The HIL simulation system for manipulator docking has three main forms based on the state of the manipulator: (1) The manipulator is a physical object. The HIL simulation system needs to simulate the docking process of the manipulators with different stiffness, which causes that the experiment cost is high and the flexibility on changing objects is poor. ( 2) The manipulator is a mathematical model. Under this condition, the physical contact characteristics of the HIL simulation system is determined by the contact stiffness and damping of the docking mechanism (DM). However, the stiffness of the DM is usually large; due to the constraint relation between the fundamental frequency of docking dynamics and the bandwidth of the six-DOF parallel robot, the HIL simulation system with large contact stiffness is easy to diverge [3] - [6] . ( 3) The manipulator is equivalent to a six-dimensional physical spring. To prevent the adverse effects of a large overall motion at the end of the manipulator on the capturing and docking, each joint of the manipulator in the docking process is in a locking state [7] ; therefore, the manipulator in the docking process is represented by the elastic deformation, so the manipulator can be equivalent to a six-dimensional mass-stiffness-damping system when reproducing the fundamental frequency characteristics of the manipulator motion [3] , [8] . The equivalent stiffness of the manipulator can be introduced into the HIL simulation system by designing a six-dimensional spring mechanism. In view of the low stiffness of the manipulator, the physical contact stiffness of the system can be reduced, and the stability and safety of the system can be improved. This form of the HIL simulation system reduces the cost and guarantees the flexibility on changing the flying objects. In this paper, the third form of the HIL simulation system for space manipulator docking is chosen as the research object, and a thorough study on the buffering process of the HIL simulation system is made.
The HIL simulation process of docking between space manipulator and spacecraft includes capture, drag, attitude correction and buffering stages. After the attitude correction stage, the flexible drag mechanism has dragged the targetadapter to the specified position and adjusted the attitude of the spacecraft. The flexible drag mechanism stop moving during the buffering stage; with the residual velocity and position deviation, the spacecraft is buffered and oscillates until it stops under the influence of damping and other energy dissipation elements. When the residual velocity and position deviation of the spacecraft in the buffering stage are large, the stiffness and damping in the contact environment change obviously because of the large deformation of the drag mechanism and the manipulator (six-dimensional spring mechanism), which can easily lead to the instability of the docking HIL system. Therefore, the docking dynamics process is switched to the compliant force control process to simulate the buffering stage of the space manipulator docking. However, the uncertainties of the docking contact environment, the existence of the low-frequency two-order oscillation element, the uncertainty of the robot model and the interference of the external environment have challenged the anti-interference characteristics, stability and system bandwidth of the force control system. Some control strategies for compliant force control system have been studied. The PD controller was applied in the force control in [9] and a simple first-order force control algorithm for low bandwidth force control was reported in [10] to improve the tracking performance of force. The impedance control methods were proposed to improve the stability of the force control system in [11] - [13] . However, the system was poor in the anti-interference and was easily unstable in high stiffness contact. Some modern control strategies were also proposed in the force control systems. The discrete-time formulation for impedance controlled tasks was presented in [14] to grant a free-overshoot contact force throughout the whole contact phase between the robot and a partially unknown environment, which effectively solved the problem of force overshoot in the contact process. To improve the stability and force control characteristics of the compliant force control system in uncertain environment, adaptive controllers based on identification parameters were put forward in literature [15] and [16] , respectively. However, it's a difficult problem to ensure the accuracy of the identification results for multi-point contact or rapid contact. For training a compliant-control-based manipulator to execute a repetitive tasks with variable parameters, a control approach involving iterative friction learning and iterative force-tracking learning was proposed in [17] , which improved the force overshoots and force control characteristics. For uncertainties in the robot dynamic, neural network (NN) control schemes were developed. NN controllers can be trained to compensate for uncertainties in the robot dynamic for the position control [18] , [19] . In the force control framework, impedance force control using an NN was proposed in [20] to deal with unknown environment stiffness as well as uncertainties in robot dynamic; however, the performance for unknown environment position was not investigated. The robust controller was designed based on the H-inf theory for the compliant control system in [21] , which improved the robustness of the robot in the unknown contact environment; however, it was usually too conservative to solve the robust performance problem with H-inf.
In this study, the space docking contact model is complex and there are many uncertain parameters in the contact environment and robot model. It is difficult to obtain accurate system parameters for compensation and controller design by identification. The µ-based theory robust control can effectively improve the robustness of uncertain systems, which doesn't rely on real-time system parameters. The idea of the µ-based theory robust control is to concentrate any scattered uncertainty as a diagonal matrix, which is suitable for complex systems with varying multi-parameters. At present, the control method based on µ theory has been applied to some industrial engineering cases [22] - [25] .
The main contributions of this paper are as follows:
(1) Different contact environment: In the literature and the present studies, the contact environment is basically a singlestiffness and single-damping contact; that is, the contact force model is determined by a contact stiffness parameter and a contact damping parameter. In order to simulate the buffering stage of flexible manipulator docking, in this study the flexible manipulator (six-dimensional spring damping mechanism) and the end-effector are added to the force control system; then the contact becomes a multi-stiffness, multi-damping and single-mass contact. The contact force is determined by five attribute parameters including the double-stiffness (manipulator stiffness and contact stiffness), the double-damping (manipulator damping and contact damping), and the single-mass (the end-effector's mass). Considering the influence of parameters on the contact force synthetically in this study, the contact force model is complicated.
(2) The uncertain contact environment: The two stiffness parameters and two damping parameters in the contact environment will change during the buffering process of the manipulator docking, and the stiffness and damping have a great influence on the stability and force control characteristics of the system. Aiming at the multi-stiffness, multidamping and single-mass contact, this study considers the robustness of the force control system under the uncertain contact environment.
(3) There is a low-frequency oscillation element in the contact environment: the contact environment with multi-stiffness, multi-damping and single-mass has a lowfrequency oscillation element, which not only seriously affects the bandwidth of the control system, but also makes the characteristics of the force control system tend to oscillate or even unstable. This study considers the adverse effects of low-frequency oscillation element with variable parameters on the system, and improves the bandwidth and stability of the system.
(4) The uncertain robot model and external interference: Force controls are realized by using the series robot in literature. In this study, a parallel robot will be used in the compliant force control for its high stiffness and high precision. Because the dynamic response of the parallel robot is uncertain at different positions and frequencies, this study considers the influence of the parallel robot's model uncertainty on the force control characteristics. In addition, this study also considers the influences of the measure noise and the process noise in the system on the force control results.
(5) Robust controller design based on µ theory: This study focuses on the force control system described in (1) and the problems mentioned in (2) , (3) and (4) . The robust controller is designed by using the µ synthesis control theory to improve the characteristics of the force control system. The rest of this paper is organized as follows. Compliant force control system is introduced in Section II. The model of classical compliant force control is established in Section III. The robust force controller is designed and analyzed in Section IV. Section V includes simulations and experiments. Finally, conclusion is given in Section VI. 
II. DESCRIPTION OF COMPLIANT FORCE CONTROL SYSTEM
The space docking system, as shown in Fig. 1 , consists of a spacecraft, a manipulator, an end-effector and a space station (remains stationary during docking). In view of the elastic deformation of the manipulator, a flexible part (as shown in Fig. 1 ) at the terminal of the end-effector expresses the flexible-mass characteristics of the manipulator, and we can regard the rigid part of the manipulator and the space station as a static whole. With the action of the flexible part and the contact force, the end-effector moves during the docking. Before entering the buffering stage, the drag mechanism in the end-effector fixes and drags the butt rod of the target-adapter and makes the spacecraft move. Schematic diagram of the drag mechanism and the drag principle is shown in Fig.1 . A lead screw is mounted inside the endeffector, and a motor drives the lead screw to rotate at a constant angular speed; the constant speed rotation of the lead screw can be transformed into a constant speed linear motion of the drag mechanism. After coming into the buffering stage, the drag mechanism stops, the spacecraft is buffered and oscillates until it stops under the action of the wire rope and the manipulator. The compliant force control system for simulating the manipulator docking buffering process is shown in Fig. 2 . The end-effector, the six-dimensional spring mechanism (flexible part), the target-adapter, the six-DOF parallel robot, the force sensor and the frame are the physical objects. The targetadapter and end-effector in the HIL simulation are the same as those in real space, which generate an actual contact force during the contact. The force sensor is attached under the frame; the six-dimensional spring mechanism is placed between the force sensor and the end-effector.
In order to prevent the dynamics process from diverging at the buffering stage, the docking system switches from the docking dynamics process to the compliant force control process at the drag mechanism's stop time or prior to the stop time. If the docking system comes into the compliant force control process at the stop time, then the parallel robot buffers and oscillates under the condition of residual speed and position deviation; if the docking system comes into the compliant force control process in advance, the parallel robot will follow the movement of the drag mechanism moving a small period of displacement and then start to buffer. The input displacement of the parallel robot is given by the force VOLUME 6, 2018 controller on the basis of the measure value of the force sensor; meanwhile, the motion of the parallel robot should guarantee that the measure value of the force sensor is close to the set tracking force.
In this study, the compliant force control and the six-DOF parallel robot control are accomplished by two sets of upper and lower computers. The upper and lower computers transmit data through Ethernet, and two lower computers transmit data through reflective memory. The force control lower computer receives the measured force, calculates the displacement and transfers it to the parallel robot control lower computer. The parallel robot control lower computer, the control component and the parallel robot driving component make up the position control system, and realize the closed-loop control of the parallel robot.
III. COMPLIANT FORCE CONTROL MODELING
The compliant force control principle of the manipulator docking buffering process can be described as shown in Fig. 3 . 
A. CONTACT MODEL
The flexible wire rope acts on the target-adapter, which can be regarded as that a flexible spring with stiffness and damping acts on the target-adapter. The contact force is affected by the stiffness and damping of the wire rope in vertical direction, and the buffering process is represented by a single-DOF motion. The force sensor, the six-dimensional spring mechanism, the end-effector, the target-adapter and the parallel robot are connected in series, and the relationship of the mechanisms in the buffering stage is shown in Fig. 4 . k m and c m are the stiffness and damping of the manipulator (six-dimensional spring mechanism) in the vertical direction; k p and c p are the stiffness and damping of the wire rope in the vertical direction. m e is the mass of the end-effector.
The actual force F can be obtained by the actual displacement of the motion simulator s act , the velocity of the drag mechanism v and five attribute parameters (k m , c m , k p , c p and m e ); the derivation process is given as follows. Set the displacement and velocity of the end-effector are x e andẋ e ; the relative displacement and velocity of the drag mechanism and the end-effector in the body coordinate system of the endeffector are x and v (v =ẋ, v is a constant value, and is equal to zero when the drag mechanism stops); the displacement of the drag mechanism x d in the inertial coordinate O e is:
(1) Laplace transformation of Eq. 1:
Equilibrium equation of the end-effector is:
Laplace transformation of Eq. 2:
The contact force F is:
Laplace transformation of Eq. 5:
According to Eq. 2, Eq. 4 and Eq. 6, the Laplace transformation of contact force F is obtained as follows:
Then the transfer function C(s) of the contact model is:
When the six-DOF parallel robot moves in vertical direction, the actions of the six sets of motor servo systems are consistent, then the position closed-loop transfer function of the six-DOF parallel robot is equivalent to a three-order model shown in Formula 9 [6] ; the model parameters can be determined by the test identification. The inertia element represents the bandwidth of the position closed-loop, and the second-order element represents the high frequency dynamic characteristics of the position closed-loop.
where K v is the open-loop speed gain of the parallel robot, ω n and ξ are the natural frequency and damping ratio of the parallel robot, respectively.
C. CLASSICAL CONTROLLER MODEL
In general, three parts, a compliant coefficient C f , a compensator element G c (s) and an integrator, consist the classical force controller K (s), i.e.:
where the compliant coefficient C f is chosen as the reciprocal of the generalized stiffness in general, i.e.:
And the form of the compensator element G c (s) is proportion, proportion and differential, or other compensator elements. And an integrator is added in so as to reconstruct the whole system as type I system. In this study, the proportional controller and the lag controller are selected as the compensator. Proportional control is the most common and simplest control strategy, which is easy to explain the characteristics and problems of the system. The lag element can effectively improve the stability of the system and reduce the steady-state force error of the force control system. The form of the compensation element is shown in Formula 11:
where ω t and βω t are two corner frequencies, respectively, and β is greater than one. The molecular in Formula 8 determined by the stiffness and damping parameters can increase the phase angle of the open-loop transfer function of the force control system, and can improve the stability of the system. And the greater the damping is, the better the stability becomes. But the damping of the actual docking system is usually very small; thus, we make c m and c p be equal to zero. Using the stability condition of the compliant force control system based on proportional control, the influences of the stiffness and the second-order oscillation element in contact environment on the system characteristics are explained. The denominator of the closed-loop transfer function of compliant force control system is:
The stability conditions obtained by Routh stability criterion are as follows:
The left part of the inequality in the second item is determined by the model parameters of the parallel robot. The load properties of the six-DOF parallel robot are changing during movement, so the model parameters of the parallel robot will also vary. The right part of the inequality in the second item is the corner frequency ω freq of the second-order oscillation element. When ω freq is small, the bandwidth of the force control system is small; and the system parameters are easy to not meet the second and third stability criterion, making the system unstable. Although reducing the K v and P can improve the stability of the system, the bandwidth of the force control system will be further reduced and the force control performance will be poor. When the stiffness of the system decreases, the ω freq will decrease, and too large stiffness cannot meet the third item of the stability criterion. The results indicate that the low-frequency two-order oscillation element and stiffness change in the contact environment will have a significant impact on the stability and bandwidth of the system.
IV. DESIGN OF THE ROBUST CONTROLLER BASED ON µ-THEORY
In this study, a robust control strategy based on µ theory is applied to solve various uncertainties and interference problems in the force control system. The following points are taken into account: 1) In the compliant force control process, the stiffness and damping of the spring mechanism are changed at different elongation and compression lengths due to its nonlinear characteristics; meanwhile, the stiffness and damping of the wire rope will change because of its elastic deformation. The influence of the change of contact environment parameters on the low-frequency two-order oscillation element and the force control system is considered.
2) The influence of the low-frequency second-order oscillation element on the bandwidth and stability of the system is considered.
3) The influence of the uncertainty of the parallel robot model (external interference and model parameter variation) on the force control system is considered. 4) Influence of the sensor noise and process noise on the force control performance is considered. It is required that the system has better robust stability and force control characteristics under the above four points, which coincides with the framework of designing the robust force controller based on VOLUME 6, 2018 the µ synthesis control theory. Block diagram of compliant force control system considering uncertainties and interferences is shown in Fig. 5 ; the parameters uncertainties of the corresponding contact model in Fig. 5 are shown in Fig. 6 ; the meanings of the corresponding symbols are explained in Section IV.
A. CHOICE OF THE WEIGHTING FUNCTIONS
The variation ranges of stiffness and damping in force control process can be measured and estimated in advance. The variation ranges of parameters in this study are approximate: The parameters are regarded as uncertain parameters, which can be expressed as Formula 14 by linear fractional transformation.
where
Considering that the docking system may come into the compliant force control process in advance, the parallel robot will follow the movement of the drag mechanism moving a small period of displacement and then start to buffer. The drag mechanism moves at a constant speed of 5 mm/s; the weighted function of the input signal W s (s) is taken as:
The position closed-loop transfer function G x_nom (s) of the parallel robot is: 
In general, the frequency characteristics of the parallel robot vary. The uncertainty can be modeled through using the multiplicative perturbation. Through simulation, the variation in the low frequency region is taken as 0.5%; it will reach 8% at the nominal bandwidth of 50 rad/s, and will reach 12.5% in high-frequency region. We choose the multiplicative perturbation weighting function W x (s) as Eq. 17:
The set of transfer functions of the six-DOF parallel robot in the vertical direction G x (s) is G x_nom (I + W x x ) | x is stable, x ∞ ≤ 1 . The frequency characteristics of interference are basically that the gain is large at low frequency, thus, the low pass transfer function is used as the interference weighting function. The weighting function gain of the interference signal can be determined by repeated simulation. The larger the weighting function gain is, the better the interference attenuation performance is. The interference weighting function W tub (s) is chosen as:
The function of the control input weighting function W u (s) is to remove the high-frequency components in the control input, so the high pass filter is used as the control input weighting function; the set gain is close to zero in the control frequency band, and the high gain is used over the control frequency band. The control input weighting function is taken as:
The force weighting function W f (s) is taken as Eq. 20, which reflects the performance of the desired force. The force weighting function indicates that the stable-state value of force is demanded to be no more than 1 N in lower frequency region.
Filter is needed before the measured force entering the controller to decrease the effect of process noise. Considering the frequency response of the machine system, a low pass filter is taken with cutoff frequency of 30 Hz. The transfer function of the filter G F (s) is:
Noise is contained in the measure value of the force sensor, which amplitude is 0.5 N at low frequency, and reaches to 5 N at high frequency. The noise weighting function W n (s) is chosen as:
B. DESIGN PROBLEM STANDARDIZATION
The general system P(s) can be concluded from Fig. 5 , which describes the open-loop interconnection structure. Defining block diagonal matrices kx and are:
where km , kp , cm , and cp denote the parameters perturbations, x denotes the multiplicative perturbation, and f denotes the fictitious performance perturbation. Figure 5 is transformed into a standard robust control system in the form as shown in Fig. 7 . In which p f is the output evaluation value of the force; p u is the input evaluation value of the position control; p tub is the evaluation value of the interference; z 1 , z 2 , z 3 and z 4 are the inputs of parameters perturbations; w 1 , w 2 , w 3 and w 4 are the outputs of the parameters perturbation; z 5 is multiplicative perturbation input; w 5 is the multiplicative perturbation output; w 6 is the normalized system input; n is normalized noise input; u is the output of force controller; K is a force controller need to be designed;
The structured singular value of the transfer function matrix M (s) is defined as:
Based on the robustness theorem: For all , if is stable and ∞ ≤ 1, the sufficient and necessary condition that the closed-loop system -M in Fig. 5 is stable and satisfies
According to the above theorem, the design problem of the force controller can be regarded as a µ synthesis problem. That is to find a stable controller K so as to make the structured singular value µ (M (jω)) of the closed-loop transfer function M (jω) be the smallest. The controller K can be obtained by the D-K iterative method; after three iterations, the thirty-two order force controller is obtained; the value of µ is 0.872. The designed force controller using µ synthesis theory is denoted as K 3 . Considering the stability and bandwidth of the force control system synthetically, the proportional controller K 1 , which is determined by the stability criterion and the system parameters of the force control system, is equal to three. The lag controller K 2 in the force control system is s+100·0.05 s+0.05 · 3.
V. VERIFICATION
The effectiveness of the µ theory controller and the superiority relative to the classical controller are verified using simulation and experiment ways in this work, aiming at the problems existing in the compliant force control system.
A. SIMULATION VERIFICATION
The parameters in the Section IV-A are applied for simulation to verify the superiority of the robust controller in the fol-VOLUME 6, 2018 lowing aspects: the anti-interference performance, the bandwidth of the force control system and the robust stability under the uncertain contact environment and the two-order low-frequency oscillation element.
1) ROBUST AND BANDWIDTH ANALYSIS OF THE COMPLIANT FORCE CONTROL
Sub-transfer function matrix is denoted as M 11 , which regards (w 1 w 2 w 3 w 4 w 5 ) T as input and (z 1 z 2 z 3 z 4 z 5 ) T as output in the transfer function matrix M . The robust stability of the closed-loop system kx -M 11 is evaluated by µ kx (M 11 (jω)), the upper and lower bounds of µ kx are shown in Fig. 8 . We can see that the robustness of K 1 and K 2 controllers is relatively poor, and the robust stability of K 3 controller is optimal. µ kx of the K 3 controller reaches a peak value of 0.36 at ω = 33.31 rad/sec; then when max ωσ ( kx ) < 1/0.36, the stability of the force control system can be guaranteed. The robust performance of the closed-loop system -M is evaluated by µ (M (jω)), the upper and lower bounds of µ are shown in Fig. 9 . We can see that K 1 controller has the worst robust performance; the K 2 controller improves the robust performance; K 3 controller has the best robust performance. µ of the K 3 controller reaches a peak value of 0.872 at ω = 0.001/sec; then when max ωσ ( ) < 1/0.872, the stability and robust performance of the force control system can be guaranteed.
The low-frequency two-order oscillation element in the contact environment makes the bandwidth of the compliant force control system very small; the corner frequency of this oscillation element is equal to 6.12 Hz. The closed-loop magnitude-frequency characteristics of the compliant force control system are shown in Fig. 10 . The dotted line with the ordinate of -3 dB intersects at three points with three magnitude-frequency curves; the abscissas of the three points correspond to the bandwidths of the system with K 1 , K 2 and K 3 controllers, which are 0.5 Hz, 1.12 Hz and 4 Hz, respectively. It shows that the response speed of the system with the K 1 and K 2 controllers cannot be guaranteed in the condition of ensuring the stability of the system; and the K 3 controller can greatly increase the bandwidth of the force control system and make the system have a faster response speed. 
2) COMPLIANT FORCE CONTROL SIMULATION FOR PARALLEL ROBOT FOLLOWING PROCESS
Since the system will enter the compliant force control process before the drag mechanism stops in individual cases, the parallel robot will follow the movement of the drag mechanism moving a small period of displacement. The following process needs to make that the measure value of the force sensor is close to the set tracking force. In the experiment, the speed of the drag mechanism is 5 mm/s, the tracking force is 0 N, and the sensor noise variance is approximate 0.5. The parameters set in the simulation are the same as those in the experiment. The force control results corresponding to the three controllers (K 1 , K 2 and K 3 ) are shown in Fig. 11 .
The force control system K 1 (the force control system with K 1 controller) has the force deviation of 99 N. The force steady value of the force control system K 2 (the force control system with K 2 controller) is close to 0 N, but it has a larger force peak in the initial stage of switching force control, and the adjustment time is long because of the small bandwidth of the force control system. The force steady value of the force control system K 3 (the force control system with K 3 controller) is less than 1 N, and it has the minimum force peak and the shortest adjustment time. Using the controller K 3 , the bandwidth limit problem of the compliant force control system caused by the low-frequency two-order oscillation element is solved, and the force tracking accuracy is improved. 
3) COMPLIANT FORCE CONTROL SIMULATION WITH DISPLACEMENT SIGNAL INTERFERENCE
The triangular interference signal shown in Fig. 12 is superimposed on the position loop of the parallel robot to illustrate the anti-interference performances of different controllers, the corresponding force control results are shown in Fig. 12 . The peak contact forces of the force control systems K 1 and K 2 are approximate 40 N and 50 N, respectively. The controller K 3 reduces the peak contact force to 12 N, which shows that the controller K 3 can improve the response speed and has better anti-interference characteristics.
4) COMPLIANT FORCE CONTROL SIMULATION WITH CHANGE OF CONTACT ENVIRONMENT PARAMETERS
The k mnom , k pnom , c mnom and c pnom are the base numbers, km = 15000 × sin(2π t)(N/m), kp = 10000 × sin(2π t + π/10)(N/m), cm = 45 × sin(2π t)(N/(m/s) and cp = 45 × sin(2π t + π/10)(N/(m/s)) signals are superimposed on which, respectively, to simulate the time-varying contact environment parameters. The parallel robot deviates 5 mm in vertical direction from the equilibrium position (contact force is 0 N) to simulate the position deviation of the parallel robot when the docking system is switched to the compliant force control; then enter the compliant force control process. Compliant force control results of the buffering process are shown in Fig. 13 . The time-varying contact environment parameters cannot satisfy the stability condition of the force control systems K 1 and K 2 in a certain period of time. From the dotted line frame in Fig. 13 , the contact force curves of the force control systems K 1 and K 2 show a divergence trend, and the force control systems are still in an oscillation state after 5 s and have large force deviation value. The controller K 3 can effectively solve the system instability problem caused by change of contact environment parameters, and the steadystate force deviation is less than 1 N. The controller K 3 can make the system have a good robust stability.
B. EXPERIMENTAL VERIFICATION
The experimental facilities of the HIL simulation system for manipulator docking are shown in Fig. 14 . Due to the classified reasons, pictures of the end-effector and the targetadapter can't be provided, and pictures of the other main mechanisms are presented separately. The equivalent spring mechanism of the manipulator is shown in Fig. 14: when the elongation or compression length of the spring is small, the stiffness and damping of the spring change very little; but the stiffness and damping change obviously with the increase of the elongation or compression length of the spring; due to the elastic deformation, the stiffness and damping of the wire rope will change during the oscillation process.
The effects of different controllers on the system characteristics are compared from three aspects: the anti-interference of the force control system, bandwidth of the force control system and system robustness under uncertain contact environment and two-order low-frequency oscillation element. The stiffness and damping characteristics of the wire rope during the oscillation process are simulated with a spring structure with known and constant stiffness and damping in the experiment (the stiffness and damping of the spring are within the stiffness and damping ranges of the wire rope), as shown in Fig. 14 . This method eliminates the influence of system instability caused by the uncertain environment on the force control characteristics, and directly reflects the independent influence of different controllers on the anti-interference and bandwidth of the force control system. In the experiment, the Xpc real-time simulation system of MATLAB is applied, and the sampling period is set as 1 ms.
1) COMPLIANT FORCE CONTROL EXPERIMENT WITH DISPLACEMENT SIGNAL INTERFERENCE
The parallel robot is in the equilibrium position at the initial time (the force sensor is not subjected to force, but has the measure noise), the parallel robot basically keeps still under the force control; and then superimposes the sinusoidal signal A=3×sin(2π t)(mm) on the position loop of the parallel robot to illustrate the anti-interference performance of different controllers. The force control results are shown in Fig. 15 . The peak contact forces of the force control systems K 1 and K 2 are about 90 N and 116 N, respectively, which indicate that the controller K 2 has the poor anti-interference ability. The controller K 3 reduces the peak contact force to 11 N, which shows that controller K 3 makes the force control system have better anti-interference characteristics. The parallel robot is in the equilibrium position at the initial time, and then a pulsing signal with amplitude of 1.5 mm and period of 4 s is added to the parallel robot's position loop to show the anti-interference performance of different controllers; the force control results are shown in Fig. 16 . The peak contact forces of force control systems K 1 and K 2 are about 93 N and 97 N, respectively; moreover, the force control system K 2 takes a longer time to reach the steadystate, which indicates that the controller K 2 has the poor antiinterference performance. The controller K 3 reduces the peak contact force to 43 N, which indicates that the controller K 3 has a better anti-interference ability.
2) COMPLIANT FORCE CONTROL EXPERIMENT ON THE SYSTEM RESPONSE SPEED
The parallel robot deviates 5 mm in the vertical direction from the equilibrium position to simulate the position deviation of the parallel robot when the HIL system is switched from the docking dynamics process to the compliant force control process, and then the parallel robot enters the compliant force control process. The compliant force control experimental results of the buffering process are shown in Fig. 17 . The oscillations of the force control systems K 1 and K 2 in the initial stage are severe; the peak forces are large; the times to reach stable-state are long. The controller K 3 reduces the times to reach stable-state and the oscillation peak in the initial stage, which makes the results of the force control quickly reach the tracking force. It shows that the controller K 3 can effectively increase the response speed and bandwidth of the force control system.
3) COMPLIANT FORCE CONTROL EXPERIMENT WITH CHANGE OF CONTACT ENVIRONMENT PARAMETERS
The influence of different controllers on robust stability of uncertain system is verified from three levels: only change the stiffness of the six-dimensional spring mechanism, only change the stiffness of the contact spring and both change the stiffness of the six-dimensional spring mechanism and the stiffness of the contact spring.
Because the stiffness and damping of the contact spring are constant; in addition, when the elongation length of the manipulator's six-dimensional spring mechanism is small, the changes of the stiffness and damping are not obvious; therefore, the six-dimensional spring mechanism with a stiffness of 1.5e5 N/m (the stiffness at the equilibrium position) is replaced by a six-dimensional spring mechanism with a stiffness of 1.35e5 N/m to study the influence of different controllers on system characteristics when changing the parameters of the six-dimensional spring mechanism. The parallel robot deviates 5 mm in the vertical direction from the equilibrium position and then the parallel robot enters the compliant force control process. The compliant control experimental results of the buffering process are shown in Fig. 18 .
After the stiffness of the manipulator's six-dimensional spring becoming small, the corner frequency of the two-order oscillation element ω freq decreases; which results in the deterioration of system stability, and the force control system K 1 diverges with the frequency ω freq . The controller K 2 can guarantee the stability of the system; but in the initial stage, the oscillation is obvious, the time to reach stable-state is long, and the stability is poor. The controller K 3 can ensure that the system has better stability and force control performance, which shows that the robust controller can effectively solve the adverse effects of the uncertain contact environment and the two-order low-frequency oscillation element on the stability of the force control system.
Instead of changing the six-dimensional spring mechanism, the contact spring with a stiffness of 5.09e4 N/m is replaced by a contact spring with a stiffness of 4e4 N/m to study the influence of different controllers on the system characteristics when the contact parameters are changed. The parallel robot deviates 5 mm in vertical direction from the equilibrium position and enters the compliant force control stage. The corresponding compliant force control results are shown in Fig. 19 . When the contact stiffness is smaller, the corner frequency of the two-order oscillation element decreases, which results in the deterioration of system stability. The force control system K 1 is oscillating in the same amplitude and the system does not converge. The controller K 2 can guarantee the VOLUME 6, 2018 stability of the system, but the oscillation at initial stage is obvious and the time needed to reach the stable state is longer (compared with Fig. 17) , and the stability becomes worse. The controller K 3 can ensure that the system has better stability and force control performance, which shows that the robust controller is more effective in solving the adverse effects of uncertain contact environment and the uncertainty of parallel robot model on the stability of the force control system.
The six-dimensional spring mechanism with a stiffness of 1.5e5 N/m (stiffness at the equilibrium position) is replaced by a six-dimensional spring mechanism with a stiffness of 1.35e5 N/m (stiffness at the equilibrium position), and the contact spring with a stiffness of 5.09e4 N/m is replaced by a contact spring with a stiffness of 4e4 N/m to study the influence of different controllers on the system characteristics when the contact environment parameters are varied in a large range. The parallel robot deviates 5 mm in vertical direction from the equilibrium position and enters the compliant force control stage. The corresponding compliant force control results are shown in Fig. 20 . When the contact stiffness and the six-dimensional spring mechanism's stiffness become smaller, the corner frequency of the two-order oscillation element is further reduced (compared with the previous two experiments), which makes the stability of the system worse. The force of control system K 1 reaches 530 N at 1.18 s, and the system divergence is obvious. The control system K 2 also becomes unstable and the force curve is divergent. The controller K 3 can still guarantee that the system has better stability and force control performance, which shows the superiority of the robust controller in improving the characteristics of the uncertain system.
Based on the simulation and experimental results, for the compliant force control system with multi-stiffness and multi-damping contact, the designed robust controller can make the force control system have better force control characteristics under the condition of uncertainty of the contact environment, the uncertainty of the parallel robot model, the noise of sensor measure, the system process noise and the contact environment with low-frequency two-order oscillation.
VI. CONCLUSION
In this paper, a compliant force control system based on six-DOF parallel robot inner position loop is established to simulate the space manipulator docking buffering process. This study aims at a compliant force control system for multistiffness, multi-damping and single-mass contact, the adverse effects of the following factors on the characteristics of the force control system are comprehensively considered: the multi-parameter uncertainty of the contact environment, the uncertainty of the parallel robot model, the low-frequency two-order oscillation element in the contact environment, the sensor measure noise and the system process noise. The robust controller of the force control system is designed based on the µ synthesis theory. Compared with the classical controller, the designed robust controller can more effectively solve the force control system's instability and small bandwidth problems caused by the uncertain contact environment and the low-frequency two-order oscillation element in the contact environment, which is verified by the simulation and experiment. Meanwhile, it is verified that the robust controller has better anti-interference characteristics and can significantly reduce the influence of uncertainty of the parallel robot model, external measure noise and process noise on force control results, which show the effectiveness and superiority of the robust controller to improve the characteristics of the compliant force control system for the manipulator docking HIL system buffering process.
